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a  b  s  t  r  a  c  t
ZrC–SiC  coating  on Cf/ZrC–SiC  composite  was fabricated  via  in  situ  reaction  using  zirconium  powder,
silicon  powder,  and  phenolic  resin  as  raw  materials.  The  coated  composites  exhibited  excellent  oxidation
performance.  In particular,  the  coating  closely  adhered  onto  the  composites,  and  had  a  uniform  thickness
of approximately  90  m and  did  not  show  signiﬁcant  cracking.  Even  after  30  min  of  oxidation  at 1700 ◦Ceywords:
n situ reactive
rC–SiC coating
nti-oxidation properties
in  a mufﬂe  furnace,  the  coating  thickness  of 90 m  remained.  Meanwhile,  the  density  of  the coating  was
increased  with  oxidation  because  the  pores  on the  surface  were  ﬁlled  with  the  mixtures  of  ZrC,  ZrO2,
and SiC.  Three  distinct  layers  were  formed  in  the  composite,  namely,  surface  oxide,  intermediate  and
unoxidised  layers.  Therefore,  the  coating  effectively  protected  the  composites  from  oxidation.
© 2015  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.. Introduction
Carbon ﬁbre-reinforced silicon carbide matrix (Cf/SiC) com-
osites have been extensively studied because of their unique
hysicochemical and mechanical properties [1–4]. However, tradi-
ional ceramic matrix composites no longer satisfy the demands of
ractical applications, particularly oxidation resistance [5], because
f the rapid development of the aerospace industry in recent years.
abricating ultra-high-temperature ceramic (UHTC) coatings onto
omposite surfaces effectively improves the high-temperature
nti-oxidative properties and can protect composites under oxida-
ive conditions.
As of this writing, UHTC coatings generally include single-phase,
i-phase and multi-phase coatings, such as ZrC, ZrB2 [6], ZrB2–SiC
7,8] and ZrB2/SiC(ZrC) [9], ZrB2/SiC/MoSi2 coatings [10]. Vari-
us techniques of fabricating UHTC coatings have been utilised.
hese techniques involve chemical vapour deposition (CVD) [11],
apour silicon inﬁltration process [7] and plasma spraying [10].
umerous studies have reported that the high-temperature perfor-
ance of composites improves when their surfaces are protected
y UHTC coatings. However, some of these techniques have disad-
antages, such as cost-effectiveness, difﬁcult reproducibility, poor∗ Corresponding author at: School of Material Science and Engineering, University
f Jinan, Jinan 250022, China. Tel.: +86 531 82767655; fax: +86 531 82767660.
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eramic Society.
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187-0764 © 2015 The Ceramic Society of Japan and the Korean Ceramic Society. Producperformance of the coating, and the need for expensive equipment.
For example, Wang et al. [11] prepared a ZrC coating via CVD,
and this coating required specialised equipment, long preparation
periods, and high cost. Zhou et al. [7] fabricated a ZrB2–SiC coat-
ing for C/C composite surface via vapour silicon inﬁltration and
studied the anti-oxidation properties of the coating. The residual
silicon in the coating adversely affected the ultra-high-temperature
resistance performance. Similarly, Mario et al. [10] applied the
ZrB2–SiC–MoSi2 coating via plasma spraying and inspected its
effect on the properties of the MoSi2 coating. This preparation pro-
cess was  brief, but the resulting coating exhibited low density.
Accordingly, the current research aimed to analyse the ZrC–SiC
coating prepared through an in situ reaction method, which is a
relatively brief process. The fabrication process was presented in
detail. The microstructures and anti-oxidation mechanism of the
obtained ZrC–SiC coating were also investigated.
2. Experimental procedure
2.1. Fabrication of the substrate
Three-dimensional needled integrated felts with T700 carbon
ﬁbres (Toray, Tokyo, Japan) were used as the preforms of the
composites. The Cf/ZrC–SiC composites fabricated via polymer inﬁl-
tration and pyrolysis with a density of 2.20 g/cm3 were applied as
the substrate [12]. Meanwhile, the volume ratio of carbon ﬁbre, ZrC
and SiC in the composite substrate was 28:30:10. The composites
were ﬁrst machined into 5 mm × 5 mm × 20 mm.  Subsequently, the
tion and hosting by Elsevier B.V. All rights reserved.
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omposites were burnished and cleaned ultrasonically in absolute
thyl alcohol (or petrol), and were dried in a vacuum drying oven
t about 100 ◦C.
.2. Coating processing
Zirconium powder, silicon powder and phenolic resin were rel-
tively mixed in a weight ratio of 50:7:27 and were pulverised
n a ball mill with absolute ethyl alcohol as the dispersing agent.
he slurry for the coating was prepared via wet  milling for 24 h.
he dried composites were impregnated in this slurry, and the
hree repetitions of the impregnation determined the thickness
f the coating. After dipping and drying, the slurry coating was
ured at 100–130 ◦C for 1–3 h. The cured coating was then pyro-
ysed in argon at 900 ◦C for 30 min  at a heating rate of 5 ◦C/min.
lurry dipping and pyrolysis were repeated three times to ensure
he thickness of the precoating. Finally, the coated samples were
reated in argon at 1650 ◦C for 60 min. The ZrC–SiC coating was
abricated, as shown in Fig. 1.
.3. Microstructure analyses and oxidation performance
The oxidation resistance of the composites was  evaluated by
tatic oxidation at 1700 ◦C in a mufﬂe furnace. The phase com-
osition was characterised by X-ray diffraction (XRD) with Cu Ka
adiation. The microstructures of the composites were studied by
can Electron Microscope (SEM, FEI QUANTA FEG250, USA) and
ptical Microscope (Olympus BX 51M, Japan).
Fig. 2. The thickness of ZrC–SiC coating: (a) polished creparation of ZrC–SiC coating.
3. Results and discussion
3.1. Microstructures of the ZrC–SiC coating
The micrograph of ZrC–SiC coating via the in situ reaction
is shown in Fig. 2. The composites were uniformly coated with
ZrC–SiC, as shown in Fig. 2(a). The ZrC–SiC coating was approxi-
mately 90 m thick [Fig. 2(b)]. In general, the ZrC–SiC coating was
successfully prepared with zirconium powder, silicon powder and
phenolic resin as raw materials via in situ reaction. The volume
ratio of ZrC and SiC is estimated at 3:1 according to the ratio of raw
materials.
The micrographs of the surface of ZrC–SiC coating are shown
in Fig. 3. The coating maintained good integrity, as shown in
Fig. 3(a). However, some small micro-pores and few cracks can
be found on the surface of the coating. During the prepara-
tion of the coating, the pores between the solid particles were
ﬁlled with phenolic resin. The pores formed because the sol-
vent evaporated after drying. Meanwhile, Fig. 3(b) exhibits that
some differently shaped crystal whiskers formed on the surface
via the in situ reaction. In the middle of the surface, the lengths
of the needle crystal whiskers were about 30 m and exhibited
agglomeration. However, these whiskers were uniformly shaped
and bend-wrapped with one another. The whisker formation was
a gas phase reaction, i.e. the SiC whiskers formed via the reac-
tion between SiO and CO. Fig. 3(c) shows needle-like, irregular,
dumbbell-shaped whiskers, according to the EDS results of the
whisker.
The XRD pattern of the ZrC–SiC coating surface is presented
in Fig. 4. The diffraction peaks indicated that the main phases
ross-section image and (b) larger magniﬁcation.
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aFig. 3. SEM micrographs on the surface of the ZrC–SiC coating: (a) orig
n the coating consisted of ZrC, ZrO2, and SiC. ZrC was  obtained
ia the reaction between Zr powder and phenolic resin, whereas
iC was formed from the in situ reaction between the silicon
owder and phenolic resin. On the other hand, ZrO2 formed
rom the oxidation of raw materials (the oxygen content of raw
aterials of 0.05 wt.%) and the introduction of impurities during
all-milling.
.2. The anti-oxidation properties of ZrC–SiC coatingThe coating on the composites turned white after 30 min  of
xidation in a mufﬂe furnace at 1700 ◦C [Fig. 5(a)]. The coating
lso exhibited good integrity after oxidation. The thickness of
Fig. 4. XRD pattern on the surface of ZrC–SiC coating.orphology, (b) larger magniﬁcation and (c) SiC whisker morphology.
the coating remained the same even after oxidation, as shown
in Fig. 5(b). The cross-section of the composite showed no
obvious oxidation because of the protection of the ZrC–SiC coat-
ing.
The surface micrographs of the ZrC–SiC coating produced after
oxidation are shown in Fig. 6. This ﬁgure particularly demonstrates
that after its completion, oxidation generated a mixture of ZrO2
and SiO2 on the surface. Moreover, the surface was  denser after
oxidation than before oxidation. This result could be attributed
to the existence of pores on the surface, and such pores were
ﬁlled with the mixtures generated after oxidation [Fig. 6(a)]. The
importance of CO2 or CO is that it may  generate pores and micro-
cracks in the oxide scale. During cooling at elevated temperature,
the ZrO2 phase changed the volume by the phase transformation
at ∼1100 ◦C (the tetragonal phase changed into the monoclinic
phase). Moreover, two phases with different contrasts and some
impurities (i.e. the black contrast circular shapes) were observed
on the surface [Fig. 6(b)]. The XRD pattern (Fig. 7) showed that
after oxidation tetragonal ZrO2 and SiO2 (quartz) were generated
on the surface because of the oxidation of ZrC and SiC inside
the coating. Although the phase transformation of zirconia, which
could induce internal stress, would affect the stability and oxi-
dation behaviour of the coating, the mixture of ZrO2 and SiO2
protected the composites from oxidation by preventing the con-
tact of atmospheric oxygen with the inner composite. Based on
the abovementioned ﬁndings, the generated ZrC–SiC coating had
an excellent anti-oxidation property. Results are in good agree-
ment with those obtained for a similar system formed by ZrB2–SiC
[13].
The morphology of the cross-section of composites with ZrC–SiC
coating after oxidation is shown in Fig. 8. In particular, morpho-
logical evaluation showed that the cross-section of the composites
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Fig. 5. The thickness of ZrC–SiC coating after oxidation: (a) polished cross-section image and (b) larger magniﬁcation.
xidat
i
(
t
g
w
g
w
p
w
l
a
m
mediate layer. Finally, the unoxidised layer was generated after
the formation of the surface oxide and intermediate layers, whichFig. 6. The surface micrographs of ZrC–SiC coating after o
ncluded three layers, namely, the surface oxide (1), intermediate
2) and the unoxidised layers (3). The results were consistent with
he previous report [8]. It can be concluded that the depth of oxy-
en diffusion was about 200 m,  as shown in Fig. 8. Each layer
as cut into a certain thickness (Fig. 8), and was subsequently
round into powder only for XRD analysis. Surface oxide layer
as the mixture of ZrO2 and SiO2 (Fig. 7). Based on the diffraction
eaks of the intermediate layer, the main phases in the composite
ere ZrC and SiC, but ZrO2 phase still existed. In the unoxidation
ayer, the main phases in the composite were carbon ﬁbre, ZrC,
nd SiC. At the beginning of oxidation, prior to the generation of
ixtures, the surface of the coating and composites provided the
Fig. 7. XRD pattern of ZrC–SiC coating after oxidation.ion: (a) surface morphology and (b) larger magniﬁcation.
inevitable channel for oxygen, thereby allowing the entrance of
oxygen into the inner composites via the pores in the coating. As
the oxidation reaction progressed, the pores on the surface were
ﬁlled, thereby preventing the oxygen from entering and closing
off the inner pores. The oxygen in the composites was  gradually
consumed with increasing temperature, thereby forming the inter-protected the inner composite. On the whole, the oxidation process
was controlled by diffusion. Although the thickness of the coating
Fig. 8. The morphology for a cross-section of composite with ZrC–SiC coating after
oxidation.
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[Fig. 9. EDS mapping for O, Si, Zr and C fo
emained the same, the weight of the coating increased as a func-
ion of oxidation time. This phenomenon can be explained by the
ollowing reason: when SiC and ZrC were oxidised, the mass loss
aused by the generated gas was smaller than that of the generated
rO2 and SiO2.
The EDS mapping results for O, Si, Zr and C of the compos-
te after ablation are displayed in Fig. 9. Under the oxidation
ondition, the coating was rapidly oxidised to produce ZrO2
nd SiO2, which covered the surface to form a glass state. The
lass state mixture acted as an effective barrier against the
nward diffusion of oxygen because of its much lower oxygen
iffusivity. However, C, Zr and Si could also be observed given
hat the substrate could not be oxidised during the oxidation
rocess. Compared with the oxidation of HfB2/SiC, which is a pro-
ective coating for 2D Cf/SiC composites [14], no delamination
henomenon occurred between the coating and substrate. The
esults indicated that a strong combination occurred after oxida-
ion.
. Conclusions
The ZrC–SiC coating on the surface of the composites was fab-
icated via in situ reaction with zirconium powder, silicon powder
nd phenolic resin as raw materials. The coating closely adhered
nto the composites without signiﬁcant cracks. The results fur-
her showed that the oxidation process increased the density of
he coating without changing its thickness. This ﬁnding veriﬁed
hat the coating effectively protected the composites from oxida-
ion.
[
[
[ss-section of composite after oxidation.
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